I. INTRODUCTION
The role of the ␣ particle in the structure of light nuclei is well documented, and forms the basis for many successful models. The antisymmetrized alpha cluster model developed in the 1960's ͓1,2͔ has since provided a description of the structure and spectroscopy of ␣-conjugate nuclei spanning the p, sd, and f p shells ͓3,4͔. The success of this model lies in the stability of the 4 He nucleus and the relative weakness of the ␣-␣ interaction. It might be expected that nuclei not entirely composed of ␣ particles would have their cluster structure diluted. However, the extension of the antisymmetrized alpha cluster model to describe non-␣-conjugate systems by Horiuchi and co-workers ͓5-9͔ demonstrates that clustering remains in systems composed of collections of ␣ particles and valence nucleons. This framework, called antisymmetrized molecular dynamics ͑AMD͒, employs a Slater determinant wave function to model an N-nucleon system with Gaussian forms for the nucleonic wave functions, and in principle does not impose clustering prior to the minimization of the binding energy of the system. Nevertheless, cluster structure is apparent in, for example, the calculations for the isotope chains of the elements Be, B, and C ͓8,9͔. The results of this model are not unique as a number of other models, such as the generator coordinate method ͑GCM͒ calculations ͓10-13͔, have also successfully described the structure of a large number of non-␣-conjugate nuclei in terms of a cluster substructure.
Recently, the AMD framework has been used to illustrate the phenomenon of ''molecular-like binding'' on the nuclear scale ͓5,9͔. These ideas were originally developed by Okabe et al. ͓14͔ and Seya et al. ͓15͔ to describe the behavior of systems composed of two ␣ particles and valence neutrons or protons. The 8 Be nucleus is the archetypal ␣-cluster nucleus, there being considerable experimental and theoretical evidence to support its two-␣ structure. Far from being diluted by the addition of further particles, this cluster structure has an important impact on the structure and properties of its neighboring nuclei. The single-particle orbits which arise from the two-centered nature of the 8 Be nuclear potential have been described, variously, in terms of a molecularorbital model ͓15͔ and the two center shell model ͑TCSM͒ ͓9,16͔. These orbits bear a strong resemblance to those of electrons in the and orbits associated with the covalent binding of atomic molecules. This molecular description can account for the properties of, for example, 9 Be which possesses rotational bands indicative of large deformations, built on the ground and low-lying states which possess molecularlike structures.
These ideas may also be extended to the ␣ϩ2nϩ␣ system 10 Be, where the ground state is associated with a compact molecular type structure, but it is the rotational bands built on the Kϭ0 2 ϩ , 1 Ϫ , 2 Ϫ , and 2 ϩ configurations, all of which have band heads at ϳ6 MeV, in which the molecular structure is most pronounced. A recent survey of the available experimental data by von Oertzen ͓17-19͔ suggests that the molecular phenomenon extends to even more neutronrich nuclei, e.g., 11 Be and further to systems composed of more than two ␣ particles. Moreover, a study of the decay of 12 Be into helium clusters found evidence for a possible ␣ ϩ4nϩ␣ molecular structure ͓20͔, originally hinted at in the earlier study of Korsheninnikov et al. ͓21͔. Such decay studies provide an important signature for cluster formation, as highly clustered states should possess large partial decay widths for channels asymptotically associated with the corresponding substructure. In the case of 10 Be, evidence for ␣ϩ 6 He clustering was found in a measurement of the 7 Li( 7 Li,␣, 6 He)␣ reaction, performed by Soić et al. ͓22͔ . However, these data were limited to only a very narrow excitation energy region close to the ␣-decay threshold. The present paper presents a study of the ␣ decay of 10 Be states over the much wider excitation energy range 10 to 20 MeV. We also report on the angular distributions and cross sections for the p, 12 12 Be) was achieved using the LISE3 spectrometer. The secondary beam was tracked onto 10 m g cm Ϫ2 natural carbon ͑denoted nat C) and 37 m g cm Ϫ2 (CH 2 ) n target foils, using two x-y position sensitive parallel plate avalanche counters. These detectors allowed the measurement of the incident angle, position on target and energy of the beam ͑determined using time of flight techniques͒ with resolutions of 1°, 1 mm, and 3.5 MeV, full width at half maximum ͑FWHM͒, respectively. He) reactions, on both the (CH 2 ) n and nat C targets, were detected using an array of 10 Si-CsI telescopes. The Si elements were 500 m thick, 5ϫ5 cm 2 two-dimensional position sensitive detectors. The resolution with which the position of the incident particles could be measured was ϳ2 mm ͑FWHM͒. These were backed by 4.0 cm thick CsI detectors with a photodiode readout, providing a measurement of energy of the incident ions with a resolution of 1.5% ͑FWHM͒. The detectors were arranged in a symmetric fashion around the beam axis so as to pick up breakup fragments in opposite telescopes. The array spanned the full range of azimuthal angles and polar angles from 2°to 24°in the laboratory frame of reference.
The silicon detectors were calibrated using ␣-source measurements, and the CsI detectors were calibrated using a mixed secondary beam from LISE containing species from 4 He to 12 Be. This combination of isotopes allowed the characteristic light emission profiles to be calibrated for a variety of ion species. The light response, f (light), was then modeled for each incident ion with charge Z, mass A and energy E using the characteristic function ͓23͔
The coefficients a 0 , a 1 , a 2 , and a 3 extracted from the analysis of the calibration data were used to predict the pulse height from the preamplifier associated with the photodiode readout of each CsI crystal for each incident fragment, and hence provided a method for reconstructing the incident energy. Values of a 2 ϭ0.598 and a 3 ϭ0.408 were found to provide a good description of the light response of the detectors. It should be noted that the coefficients a 0 and a 1 extracted from the analysis are not only dependent on the detector response, but also that of the electronic processing.
III. RESULTS
The 4 He, 6 He, and 8 He reaction products were identified from their characteristic energy-loss in the Si-CsI telescopes. A particle identification spectrum is shown in Fig. 1 . The loci corresponding to the four particle-bound helium isotopes are clearly identified, thus permitting the breakup channels to be selected cleanly. Using the measurements of the mass, energy, and emission angle of the fragments, the energy of the undetected recoil was calculated via momentum conservation, and the various reaction Q values reconstructed. target and ͑b͒ the (CH 2 ) n target. The vertical dotted line shows the predicted location of the peak corresponding to the production of all of the final state nuclei in their ground states, a peak appears in these spectra close to the predicted Q value. The differences in the location in the Q-value peaks for the two targets is due, in part, to differences in the energy losses of the beam and reaction products in the two targets. The experimental Q-value resolutions are 9.0 and 12.5 MeV ͑FWHM͒, respectively, for the two targets. Monte Carlo simulations of the reaction and detection processes, which include the beam energy and angular resolutions and the energy and position resolutions of the detectors, indicate that the Q-value resolution should be 9 and 12 MeV ͑FWHM͒. This is in good agreement with the experimental data. In addition, the simulations describe the shift in the peak energies between the two targets. With this resolution it is not possible to resolve possible excitations of the 14 C recoil nucleus.
The above Monte Carlo calculations suggest that the detection efficiency for the 12 C( 12 Be, 4 He, 6 He) 14 C reaction was ϳ45%. In these simulations it was assumed that the two neutron transfer cross section could be approximated by an exponential dependence given by C reaction is unknown, but exponential fall-off factors of 12 to 16 are typical for such reactions ͑see, for example, Ref. ͓24͔͒. In addition, the reaction yield in the present measurement is forward peaked with a decrease in angle which is in accord with Eq. ͑2͒. Varying the fall-off factor scales the detection efficiency: for example an increase or decrease by a factor of 2 results in detection efficiencies of 30 and 55 %, respectively. Assuming a 40% detection efficiency, the cross section for the two neutron stripping reaction leading to ␣ unbound states in 10 Be is 0.22Ϯ0.06 mb for the nat C target and 0.29Ϯ0.05 mb for the (CH 2 ) n target. The uncertainties are statistical and do not include the systematic uncertainties in the target thickness and those arising from the simulated detection efficiency. These two measurements agree within the statistical errors.
The excitation energy of the 10 Be nucleus can be calculated from the relative velocities of the 4 He and 6 He nuclei, as determined from the measurement of the energies and emission angles of the fragments. Figure 3 shows the 10 Be excitation energy spectrum gated on the Q-value peaks in Figs. 2͑a͒ and 2͑b͒. The spectrum spans the excitation energy range from 9 to 25 MeV. The envelope of these data is reasonably well described by the simulated detection efficiency ͑solid line͒. Also shown in this figure is the background contribution to this spectrum calculated by placing a gate just below the peak in Fig. 2͑b͒ . The width of the gate was adjusted so that it included the same number of counts as deduced from the fit to the peak in the same spectrum. The bulk of the yield in the excitation energy spectrum is thus associated with the decay of states in 10 Be. The vertical dotted lines in Fig. 3 indicate the energies of states previous known in this nucleus ͓25͔, and there appears to be good agreement with the present data. The yield between 11.9 and 17.2 MeV must thus be associated with previously untabulated states in this nucleus. Hence, the peaks at 13.2, 14.8, and 16.1 MeV provide evidence for three new states in 10 Be. The statistical uncertainty on the excitation energies is 0.4 MeV, whilst the systematic uncertainty on the absolute energies is 0.5 MeV. The systematic error in differences in excitation energies is significantly smaller than the statistical error (ϳ100 keV).
The widths of the above peaks are ϳ1 MeV, which is larger than the calculated 500 keV estimated by the Monte Carlo simulations. This may suggest that either the states are intrinsically broad or are unresolved multiplets. Known states in 10 Be in this excitation energy region typically have widths from 100 to 350 keV, suggesting that this measure- Fig. 4͑b͒ display the result of Monte Carlo simulations of the reaction processes for the (CH 2 ) n target. As before, these simulations include the effects of the position and energy resolutions of the detectors, energy and angular spread of the beam and energy and angular straggling of the beam and reaction products in the target. The simulations agree well with the reconstructed peak energy for the 4 Heϩ 8 He and 6 Heϩ 6 He channels confirming the origin of the data, and the calculated Q-value resolution are 11.5 MeV for the (CH 2 ) n target. The experimental widths, however, appears to be closer to 15 MeV. Given that the simulations reproduce the 9 MeV resolution of the nat C target data, this feature indicates that there is a further contribution from reactions on the hydrogen component, causing it to be broader. In order to determine the contribution of reactions from the protons in the (CH 2 ) n target, the nat C target data have been scaled in accordance with the known nat C areal densities ͓the dotted line, in Figs. 4͑a͒ and 4͑b͔͒. This demonstrates that the peaks in these spectra are predominantly accounted for by reactions from the 12 C component of the target, but in the region just below the peaks there is an additional contribution, and the background yield (QϽϪ40 MeV) is significantly enhanced compared to the natural carbon target data. Figure 5 shows the Q-value spectrum for the (CH 2 ) n target ͓from Fig. 4͑a͔͒ Be excitation energies, but reconstructed assuming a 12 C recoil. This comparison demonstrates that the broad bump in the Q-value spectrum at QӍϪ70 MeV is associated with reactions in which the recoil protons are emitted at large center-of-mass angles and does not originate from background processes. The simulations also show that the proton recoil data extend into the region close to the peak identified with the 12 C( 12 Be, 6 He, 6 He) reaction, and that the reactions from the proton and 12 C components of the (CH 2 ) n target are not completely resolved. Figure 4͑c͒ shows the data for the (CH 2 ) n target in Fig.  4͑a͒ reconstructed assuming the reaction p( 12 Be, 6 He, 6 He); in the instance that an event was associated with the peak at QӍϪ10 MeV in Fig. 4͑a͒ , the spectrum in Fig. 4͑c͒ was not incremented. The cutoff point in the Q-value spectrum employed in the analysis is shown by the arrow in Fig. 4͑a͒ . The dotted line in Fig. 4͑c͒ He) from the (CH 2 ) n target. The arrows indicate the Q-value cutoff used to discriminate between the two target components. The bold histograms in ͑a͒ and ͑b͒ are for the reactions from the nat C target. The dotted curves in ͑a͒ to ͑d͒ correspond to the nat C target data scaled to account for differences in beam exposure and thickness of the two targets, and in ͑c͒ and ͑d͒ indicates the level of background in these spectra. The dot-dash curves in ͑c͒ and ͑d͒ represent the results of Monte Carlo simulations of the reactions from the proton target. reproduce the shape of the spectrum, including the highenergy tail. The poorer resolution ͑26 MeV͒ is due to the larger recoil energy carried away by the protons, which is less well reconstructed than for the lower energy 12 C recoils. Figure 4͑d͒ displays Be*) can be described by Eq. ͑2͒ ͑The exponential fall-off factor of 12°is taken from the measurements of Ref. ͓21͔͒, then the Monte Carlo simulations suggest that the detection efficiency is ϳ40%. To provide an estimate of the sensitivity to the nature of the primary angular distributions, it may be noted that an isotropic distribution gives an efficiency of 25%. The efficiency may be used to calculate the total 6 Heϩ 6 He breakup cross section for reactions from both the proton and carbon targets. The cross sections for the 12 C( 12 Be, 6 He, 6 He) reaction from the natural carbon and (CH 2 ) n targets are deduced to be 0.28 Ϯ0.04 mb and 0.14Ϯ0.06 mb, respectively, the disagreement here is not statistically significant. For the reactions from the proton component of the (CH 2 ) n target the reaction cross section is 0.41Ϯ0.03 mb, suggesting that the reaction cross section is slightly larger in the case of the proton target. Similarly, the cross section for the 12 C( 12 Be, 8 He, 4 He) reaction from the natural carbon and (CH 2 ) n targets are calculated to be 0.79Ϯ0.07 mb and 0.86Ϯ0.04 mb, respectively, demonstrating good agreement.
The excitation energy of the
12
Be nuclei prior to decay has been calculated from the relative velocity of the two breakup fragments. The spectrum shown in Fig. 6͑a͒ corresponds to the combined data from both targets for the 6 He ϩ 6 He breakup channel ͑previously shown in Ref. ͓20͔͒. Peaks are observed in this spectrum at the energies listed in Table I . The spins assigned to the peaks are those deduced from the angular correlation analysis reported in ͓20͔. Figure  7 displays the angular distributions of the reconstructed 12 Be reaction products for the p( 12 Be, 12 Be*) reaction over the center-of-mass angular interval for which it was possible to separate the reactions from the two targets. The angular distributions are shown for the three peaks in the excitation energy spectrum for which spin assignments have been suggested, namely, 13.2 MeV (4 ϩ ), 16.1 MeV (6 ϩ ), and 20.9 MeV (8 ϩ ). The three distributions have been corrected for the variation of detection efficiency with scattering angle, and have been scaled so that they can be displayed simultaneously. Two features are evident: first the shape of the distributions for the lowest energy state is different from that of the two other states, and secondly these latter two states are backward peaked. The difference in the shape of the distributions would confirm that the 13.2 MeV state does indeed have a different spin from that of the other two. On the other hand, due to the similarity of the distributions for the 16.1 and 20.9 MeV states it is not possible to confirm the different spins extracted from the angular correlation analysis. However, it is known that reactions leading to higher spin particles in the final state, and with mismatched entrance and exit channel angular momenta, exhibit very similar angular distributions ͓26͔.
The observation of the reactions from the proton target with backward peaked angular distributions has led to a reanalysis of the The spectrum for the proton target data now shows evidence for a series of peaks that was absent in the earlier analysis. The energies of these are given in Table II . Interestingly, there seems to be a reasonable correlation with the higher energy states observed in the 6 Heϩ 6 He decay channel. The peak at 16.0 MeV is observed in both channels, the C target again indicates the presence of the 14.1 MeV state but the peak at 16.0 MeV in the proton target data now appears with at 16.5 MeV. These differences indicate that the spectrum of states is perhaps more complicated than revealed in the present measurements and points to the need for much higher resolution studies. Ϫ ͔͔͒ that are populated. The assignment of the 5 Ϫ member of the 1 Ϫ band is based on spin-energy systematics ͓18͔, i.e., the extrapolation of the 1 Ϫ band. The strong population of these two bands may be linked to their structure. The 9 Be nucleus possesses a single valence neutron in the 1 p 3/2 orbit and the neutron transferred in the above reactions can either occupy the vacancy in this orbit or those in the 1 p 1/2 , 2s 1/2 , and 1d 5/2 levels. The
10
Be ground state configuration would then correspond to the transfer of a neutron into the 1p 3/2 orbit. The molecular-orbital model calculations ͓14,15͔ suggest that the 1 Ϫ state may be associated with the 1 p 3/2 neutron coupled to a neutron in the prolate aligned 1d 5/2 orbit which may be associated with the Nilsson quantum numbers ͓220͔1/2 ϩ . It is this configuration which is believed to produce the pronounced molecular structure. In the molecular-orbital model the deformation arising from the ␣ϩ␣ cluster core is calculated to be sufficient to lower the energy of this level such that it lies below the 1p 1/2 level, and is responsible for the low-lying 1/2 ϩ ͑1.68 MeV͒ in 9 Be. Seya et al. ͓15͔ also suggest that there should be two other molecularlike configurations in this nucleus corresponding to the neutron configurations (1p 3/2 1 p 1/2 ) ͓2 ϩ ͔ and (͓220͔1/2 ϩ ) 2 ͓0 2 ϩ ͔, associated with the states at 5.958 and 6.179 MeV, respectively. These states are not observed in the neutron transfer reactions. This description is supported by the recent theoretical studies using the molecular orbit ͓29͔ and AMD ͓30͔ frameworks.
A study by Hamada et Ϫ member of the negative parity band ͑see Fig. 8͒ . We note that due to parity selection rules, the present study cannot observe unnatural parity states, and thus the 6 Ϫ state would be absent from the spectrum in Fig. 3 . However, it is not possible to account for the multiplicity of states observed in the present measurement by above rotational bands, and thus the structure of 10 Be, as revealed by ␣ decay, must be more complex.
The Be reaction using the CHUCK99 code ͓40͔. The excitation process has been modeled assuming that there are two rotational bands: the ground state band, the deformation of which is given by the energy of the 2.1 MeV 2 ϩ state, and which is assumed to have members extending to a spin of 6 ϩ ; and a second band with a moment of inertia given by the energy-spin characteristics reported in Ref. ͓20͔ ͓i.e., E 0 ϭ10.8(Ϯ1.8) MeV, ប 2 /2Iϭ0.15(Ϯ0.04) MeV], and which extends up to a spin of 8 ϩ . The two bands were coupled by means of E2 excitations, both in band and interband, while also allowing for reorientation. The optical model potentials were taken from the studies of pϩ 12 Be elastic scattering at 55 MeV per nucleon ͓21͔, and are shown in Table III . The results of these calculations for the 4 ϩ to 8 ϩ states in the excited band are shown in Fig. 9 . The left hand panel displays the differential cross sections and the right hand panel the channel-spin decomposition of the cross section. The calculations, as with the experimental data, show that the cross sections depend only weakly on the center-of-mass angle. However, the calculations do not reproduce the observed experimental trends in detail. It is noticeable that the cross sections for populating the excited states depends strongly on the spin, and in any case are considerably smaller than those observed experimentally. The shape of the Jϭ4 angular distribution does not agree with the experimental data, on the other hand there is better agreement for the suggested Jϭ6 and 8 states, indeed the calculations show a very similar backward angle behavior. Moreover, the angular distributions for Jϭ4 are different from those for Jϭ6 and 8, and this would further strengthen the earlier spin assignments.
The lack of agreement between the experimental and theoretical distributions, both in terms of overall magnitude and shape, may arise for two reasons. First, it is possible that the cross sections observed experimentally are much larger than their theoretical counterparts due to the over simplification of the predicted excitation mechanism, whereas the excitation process may be much more complex. For example, the small neutron binding energy might suggest that coupling to oneand two-neutron transfer channels could be important. In addition, it is likely that the potentials used to describe the p ϩ
12
Be interaction are inappropriate as they have been assumed to be energy-independent. The partial wave decompositions, shown in Fig. 8 , peak around angular momenta of 4 to 6 ប, whereas the analysis of the angular correlations in Ref. ͓20͔ indicated that the grazing angular momentum lies around 6 to 7 ប.
1 Elastic scattering measurements over the energy range of present interest would help resolve this discrepancy. Be many of which are found to be correlated with those in the 6 Heϩ 6 He decay channel. It is possible that these 12 Be excited states form part of an excited molecular band. However, the strongest evidence for the molecular nature of the states reported here would be large cluster spectroscopic factors. Hence, more detailed measurements of the partial decay widths and spins of the observed states observed in the present measurement would be help confirm this link.
V. CONCLUSIONS

